Site-specific satellite-derived hourly global horizontal irradiance is compared with that 
Satellite or ground-based measurements for production of site specific hourly irradiance data: which is most accurate and where?
Introduction 14
Solar radiation data has many applications, such as solar energy system performance and 15 bankability assessment, building design of passive heating, cooling and daylighting elements, 
21
Pyranometer uncertainty must also be considered in the use of data.
22
This research investigates three methods to obtain solar radiation estimates for locations 23 where it is not directly measured. The first is simply to allocate values from the single nearest 24 measurement point. Here this method is termed "nearest neighbour extrapolation" (NNE) as 25 in (Perez et al., 1997) . Alternative names are "nearest neighbour interpolation", "proximal 26 interpolation" and "nearby station method". The second method is to use an interpolation 27 method based on the spatially weighted average of several neighbouring measurement 28 locations. The third alternative approach is to model solar irradiance from cloud images 29 captured by satellite. Like ground-based measurements, satellite data also has 30 disadvantages. One shortcoming is lower accuracy at the specific weather location because 31 the satellite data represents an area of the given pixel size, rather than an exact point.
32
There are no overall guidelines to direct the choice between ground-based or satellite modelled data. This cross-over or break-even distance was determined as 34 km for hourly 45 averaged global horizontal irradiance (GHI) data in 1997 (Perez et al., 1997 
53
increased availability of data of all types. In this context, this paper examines whether the 54 historic break-even distance is still the best criterion on which to base a data source decision.
55
Other factors in the ground-based or satellite GHI data selection are: proximity to mountains 
62
Both ground-based and satellite models are affected by orographic forcing when changes in 63 elevation occur. When air is blown over mountains or hills, it is forced to rise. As it rises, it 64 cools, becoming saturated with condensing water and forming a cloud, a phenomenon that is 65 highly localised. Satellite models produce higher errors in coastal locations and are adversely 66 affected by scattered cloud, especially at high latitudes (Perez et al., 2013) . Broken cloud may 67 mask the sun. Conversely, thin cloud close to the sun may enhance solar irradiance due to 68 forward scattering (Yordanov et al, 2013) . Current satellite instruments cannot distinguish 69 small broken clouds from large thin cloud .
70
Satellite values may also fail to distinguish clouds in the presence of bright surfaces e.g. snow
71
or ice cover, and some types of vegetation. Interpolation of ground data is subject to edge 72 effects. In the case of the UK, the coast is also the edge boundary of the weather station 73 network and correlation might be expected. The temporal granularity of hourly weather station 74 data is too coarse to reflect cloud movements. Thus, it is not at all clear which GHI data 75 source provides the best accuracy in which geographic circumstance. This research will 76 investigate this issue.
77
The accuracy of both ground-based and satellite-modelled GHI will be assessed in terms of 78 root mean square error (RMSE) and mean bias error (MBE). The following comparisons will 
83
In the following, an assessment of solar irradiance models is carried out to direct the decision 84 between the use of extrapolated/interpolated ground-measured or satellite-modelled 85 irradiance data. First, the impact of distance to weather station is investigated, followed by the 86 influence of other atmospheric and topographical factors as detailed above.
87
This paper is structured as follows. Section 2 describes the data employed and quality control 88 procedures performed upon it. Calculation of distance decay errors is detailed. Section 3.1
89
replicates former research with modern data. An investigation of the influence of distance on 90 whether ground or satellite irradiance data is most accurate, is described. The previous 91 research is then expanded upon and the results clearly visualised. Section 3.2 investigates 92 the influence of atmospheric and topographic factors on whether ground or satellite irradiance
Ground Data Description 99
Ground-based solar irradiance measurements available as hourly averages are used from the 100 UK Meteorological Office Integrated Data Archive System -MIDAS (UK Met Office, 2006).
101
The UK Met Office currently has a network of over 80 automatic weather stations throughout 102 the UK which observe irradiance as well as other meteorological conditions. 
110
The instruments at these stations are CM11/CMP11 (Kipp&Zonen) pyranometers, calibrated 111 by reference to absolute cavity radiometers, traceable to the world radiation standard.
112
Weather station sensors predominantly rely on rainfall for cleaning. 
114

Ground Data Methodology 116
The UK Met Office apply quality control procedures to MIDAS data before release. Data 
123
• The global horizontal solar radiation must be less than the extra-terrestrial value when 124 the solar elevation angle is greater than 2 degrees.
125
• The global horizontal solar radiation must not exceed the European Solar Radiation 
Satellite Irradiance Source 159
Models which generate irradiance from satellite observations may be classified as physical 
220
It may be seen that modern data is far more plentiful than that available to researchers 20 221 years ago. Nonetheless, the inferences are less clear. Instead of one break-even distance,
222
there are six possibilities, one for each satellite model and NNE / kriging combination. In fact,
223
only three break-even distances exist in reality ( 285 286 
316
Having determined a break-even distance for kriging and satellite data in the UK, it is now 317 possible to visualise it. The appropriateness of break-even distance to the decision between 318 use of interpolated ground-measured or satellite-derived irradiance data will also be reviewed. 
325
It is important not to forget that the 25 km obtained is actually the average break even 326 distance. The actual break-even is different for each station and it is somewhat misleading to 327 generally apply the average. Figure 10 indicates that for two-thirds of weather stations,
328
Solargis is more accurate than kriging at the station. That is, in these locations, a zero break increasing latitude or due to this being a mountainous region. These factors, together with in Figure 9 , interpolation of nRMSE ( Figure 10) 
Influence of atmospheric and topographic factors on ground or satellite 364 irradiance data choice 365
The following criteria were compared to nRMSE of the three satellite models and of the kriged 
370
430
A weak association between precipitation and modelled irradiance values was detected. The
431
weakness of the association is due the fact that cloud cover in the UK frequently does not 432 result in rain. The connection between relative humidity and irradiance model errors was 433 likewise found to be slight. Aerosols must also be present for clouds to form (Appendix C).
434
Kriging does not account for cloudiness at all, whilst Solargis has several innovations which 435 improve its performance (GeoModelSolar, 2012).
436
An attempt to correlate RMSEs of modelled irradiances with rural urban classification
437
(DEFRA, 2013) proved inconclusive. This is probably due to the fact that no UK weather 438 station is more than 32 km from an urban area.
439
Cloud Cover
440
As noted in Section 3.2.1, higher latitudes may be subject to persistent cloudiness and the 
474
type influence, possibly due to its more frequent aerosol optical depth input. 
475
483
there are over 3,000 mountains in the U.K. with a minimum height of 2,000 feet (610 m),
484
There are also more than 16,000 "tumps" with a prominence of 30 m (Jackson et al., 2017).
485
A plot of nRMSE against AMSL revealed a weak relationship (slope of 0.02) for all models.
486
Therefore terrain ruggedness was investigated. There are several ways to quantify 487 topographic ruggedness (Cooley, 2016) . Here standard deviation of slope is used because it
488
performs well at all scales and is conceptually simple (Grohmann et al., 2011) . The slope data 489 used was the Shuttle Radar Topography Mission (SRTM) 90 m cell size digital elevation grid 490 (Pope, 2017) . Figure 19 indicates that all models are disadvantaged by complex terrain.
491
Kriging is more impacted than the satellite models because it does not interpolate in the z
492
plane. This may also be seen in Table 6 which averages nRMSE % inside and outside of irradiance appears to be complex and not easily explained with hourly data (Tables 2 and 3 ).
512
Figure 20 illustrates the nRMSE % for each modelled irradiance value at each weather station 
534
The difference in ground height between the highest and lowest UK weather station is only 535 360 m. Therefore, altitude effect could only account for a small percentage of changes in the
536
UK solar irradiance data.
537
Absolute humidity (mass of water vapour in a unit volume of air kg/m3) was calculated from
538
MIDAS weather station values for relative humidity and temperature using the NOAA Moisture
539
Calculator (Padfield, 2013 
638
The most recent developments in satellite-based modelling of solar irradiance combine long- 
643
Quesada-Ruiz, S., Fernández, E.F., .
644
Satellite data itself will also improve with the launch of the Meteosat Third Generation series 645 from 2021 onwards. The new satellites will provide images at high spatial resolutions, from 2 646 km to 0.5 km, as well as higher quality aerosol data. The ability of satellite irradiance 647 algorithms to handle broken cloud will be enhanced and more accurate data for the radiative 648 transfer equations will become available. Thus, in future, it may be possible that satellite-
649
derived irradiance values will match or exceed the accuracy of data interpolated from even 650 the highest density station networks.
651
